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The main objec t ive  i n  coal l i q u e f a c t i o n  is t o  convert coal  i n t o  a 
b e t t e r  fue l  t h a t  i s  e a s i e r  t o  t ranspor t  and c leaner  to  burn. During the  
l iquefac t ion  process ,  the macromolecular network of coal substance is  
broken i n t o  smaller  u n i t s  and rearranged i n t o  l i g h t e r  products of reduced 
molecular weight. More s p e c i f i c a l l y ,  the chemical conversion of coa l  in- 
volves an upgrading i n  its hydrogen content  or i n  o ther  words, increas ing  
the H / C  r a t i o .  

I n  l iquefac t ion ,  t h i s  is  achieved by rap id ly  heat ing coa l ,  s l u r r i e d  
i n  a hydrogen donor vehicle ,  to temperatures of  350-500% f o r  considerably 
long residence times. The s l u r r y  vehic le  serves  both aa a d ispersant  as  
well a s  the reac tan t .  The commonly employed s l u r r y  vehic les  conta in  par t -  
l y  sa tura ted  s t r u c t u r e s  such a s  t e t r a l i n .  The importance of the vehic le  
was recognized by Fischer  i n  1937( l )  and the r o l e  of hydrogen t r a n s f e r  
from vehic les  to  coa l  was discussed by Curran e t  a1.(2)  R ce t l y  Neavel 
s tud ied  the hydrogen t r a n s f e r  process  i n  much more d e t a i l . e 3 . a  I n  these 
i n t e r e s t i n g  s t u d i e s ,  he found t h a t  during i n i t i a l  s t a g e s  of l i q u e f a c t i o n ,  
very l i t t l e  hydrogen is  required to s t a b i l i z e  the f r e e  r a d i c a l s  generated 
from coal ;  however, during the la ter  s t a g e s  - when more benzene-soluble 
products a r e  formed - each successive increment of benzene-soluble mate- 
r i a l  required more hydrogen than the previous increment. For example, the 
incremental conversion from 40 t o  50% consumed 0.23 p a r t s  by weight of 
hydrogen, whereas the  same 10% conversion increment from 80 t o  90% con- 
sumed 0.8 p a r t s  by weight of hydrogen. Thus, the hydrogen t r a n s f e r  and 
hence hydrogen requirement i s  found to  increase exponent ia l ly  wi th  coal  
conversion. 

The hydrogen required has to  come e i t h e r  from the coa l  i t s e l f  or i t  
must be suppl ied from an ex terna l  source,  e.g. the s l u r r y  vehic le  or gase- 
ous hydrogen, or both. A l a rge  number of so lvents  have been used as s l u -  
r r y  vehicles .  The hydrogen donor capaci ty  of a solvent  depends m i t s  
molecular s t ruc ture .  Wise found t h a t  the hydro-aromatic compounds were 
more e f f e c t i v e  hydrogen donors than the aromatic  analog; f o r  example, 
p iper id ine /pyr id ine ,  pyrol idine/pyrrole ,  indol ine/ indole ,  tetrahydroquino- 
l ine /quinol ine ,  tetrahydronaphthalene ( te t ra l in) /naphtha lene ,  perhydropy- 
rene/pyrene, e t c  ( 5 )  T e t r a l i n  has been used as  a hydrogen donor so lvent  
f o r  a long time.i6) The u s e  of synthe t ic  recycle  so lvents  has increased 
r e c e n t l y  f o r  economic process purposes. However, f o r  labora tory  research  
s t u d i e s ,  t e t r a l i n  is s t i l l  used ex tens ive ly  where a hydro-aromatic so lvent  
is required.  

The hydro-aromatic solvents .  r i c h  in donor hydrogen, can meet the 
hydrogen demand even in the  absence of gaseous hydrogen. However, i n  most 
of the  processes cur ren t ly  under development, so lvents  with high hydro- 
aromatic  contents  a r e  not  always p r a c t i c a l .  For example, i n  t h e  Exxon 
donor so lvent  (EDS) process, i n  which a n  e x t e r n a l l y  hydrogenated recyc le  
donor so lvent  is used, about  50% of the hydrogen requirement is d i r e c t l y  
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m e t  by the gaseous hydrogen.('S8) Thus, i f  the concentrat ion of hydro- 
aromatics  is less i n  the recycle  so lvent ,  then the gaseous hydrogen would 
be a n t i c i p a t e d  to make up the def ic iency.  This was the case i n  which an 
I l l i n o i s  No. 6 (Monterey) coa l  was reacted f o r  90 minutes under 1000 p s i  
hydrogen pressure  i n  the presence of s y n t h e t i c  recyc le  so lvents  of varying 
t e t r a l i n  contents .  ( 9 )  

Vernon(10) s t u d i e d  the ro le  of molecular hydrogen on the pyrolysis  
of model compounds present  i n  coal .  From t h i s  study, he concluded t h a t ,  
"...high pressure  hydrogen can promote the hydrocracking of some carbon- 
carbon bonds i n  the  coal s t r u c t u r e  t h a t  a r e  too s t rong to  break thermally, 
and lead  t o  higher  d i s t i l l a b l e  l i q u i d  yields ."  This is a l s o  supported by 
the  SRC-I P i l o t  P l a n t  data.(11) An increase  i n  the p a r t i a l  pressure of 
hydrogen i n  the d i s s o l v e r  increased the coal  conversion with an a t tendant  
increase  i n  the  hydrogen consumption. I n  short-contact- t ime-l iquefact ion 
of severa l  coa ls  of d i f f e r e n t  ranks,  the low rank coa ls  consumed g r e a t e r  
amounts of hydrogen than the high rank coa ls  and i n  those cases  where the 

from the hydrogen gas. (I2) Under long residence times, the hydrogen con- 
sumption increased monotonically, both with temperature and pressure.  ( I 3 )  

L _  .gGrogeii cocsu;;p:ion vas high, s a b o t a n t i d  quant i ty  cf *drogeE was derived 

The deuterium t r a c e r  method developed by Heredy and coworkers has re- 
vealed t h a t  the  hydrogen contac t  opportuni ty  is very important f o r  the pro- 
duct ion of so luble  products. The so luble  products increased from 3 to  11 
t o  23%. a s  a r e s u l t  of increas ing  the hydrogen contac t  opportunity. They 
concluded t h a t  apparent ly  there  was 8 d i r e c t  rou te  f o r  incorporat ion of de- 
uterium ( tesumsbly hydrogen, t o o )  i n t o  the coal matrix without the a i d  of 
t e t r a l i n .  P14915) 

Recent s t u d i e s  by Morita, e t  a l ( l 6 )  show t h a t  the e f f e c t  of hydro- 
gen pressure  on coa l  hydrogenation was inf luenced by the type of coal used. 
The l i q u e f a c t i o n  conversion of a low v o l a t i l e ,  oxygen r i c h  Morwell coal 
(Aus t ra l ia )  w a s  n o t  a f fec ted  by hydrogen pressure.  On the other  hand, high 
oil y i e l d s  were obtained from a high v o l a t i l e  Taiheiyo coal (Japan) a t  high 
hydrogen pressures .  

Wilson, e t  have concluded t h a t  the la rge  consumption of 
hydrogen a t  400-425OC and 1000 psi hydrogen pressure,  i n  t e t r a l i n  donor 
s o l v e n t  l i q u e f a c t i o n  of Aus t ra l ian  Liddel l  coa l ,  is not due to  the hydro- 
genat ion of the aromatic  r ing ,  b u t  due to  the a l k y l  bond f i s s i o n  and hy- 
drogenolysis  reac t ions .  Thus, high hydrogen pressures  can lead t o  enhanced 
y i e l d  of by-product hydrocarbon gases ,  Cl-C4, which r e s u l t  is the  unprof i t -  
a b l e  consumption of expensive hydrogen. 

It appears  t h a t  c e r t a i n  c o n s t i t u e n t s  of coal mineral mat ter  may have 
c a t a l y t i c  e f f e c t  on the hydrogen t ransfer .  The  general agreement is t h a t  
i r o n  conta in ing  minerals ,  Fez03 and i r o n  s u l f i d e s  i n  p a r t i c u l a r  a r e  ex- 
c e p t i o n a l l y  good i n  enhancing the d i s t i l l a b l e  product yield.  ( 1 8 ~ 1 ~ )  
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A l l  e x i s t i n g  processes f o r  d i r e c t  l iquefac t ion  of coal  by so lvent  ex- 
t r a c t i o n ,  SRC-I, SRC-I1 and SRC-SCTL processes ,  the  EDS process  and the 
H-coal process ,  u t i l i z e  molecular hydrogen a t  high pressures  (over  1000 
psig) .  The t o t a l  hydrogen consumption is i n  the range of  3-5% of the 
amount of the coal feed of which a s i g n i f i c a n t  por t ion  comes from molecu- 
l a r  hydrogen depending on the rank of the coal  and the q u a l i t y  of the re- 
cycle  o i l .  The c o s t  ana lys i s  of a typ ica l  coa l  l i q u e f a c t i o n  process  shows 
t h a t  a s  much a s  one-third of the o v e r a l l  c o s t  goes towards hydrogen 
production. (20) 

T h i s ,  n a t u r a l l y ,  has increased i n t e r e s t  i n  f ind ing  cheaper s u b s t i -  
tutes f o r  expensive hydrogen. The use of CO, CO-HzO and CO-H2 i n  d i r e c t  
coal  l i q u e f a c t i o n  has been explored. (21-24) The b e n e f i c i a l  e f f e c t s  of 
d i r e c t  addi t ion  of H S on coal l i q u e f a c t i o n  has a l s o  been reported by se- 
v e r a l  w o r k e r ~ . ( ~ ~ * ~ ~ 3  More recent ly ,  a d d i t i o n  of H2S to the synthes is  
gas i n  the l i q u e f a c t i o n  of a l i g n i t e  has been found to increase  the hydro- 
gen donor capac i ty  of the recycle  solvent . (27)  The c a t a l y t i c  a c t i v i t y  
of s u l f i d e  minerals  i n  coal l i q u e f a c t i o n  l a r g e l y  seems to be r e l a t e d  to 
the capac i ty  to  generate  H2S v i a  f r e e  r a d i c a l  chain r e a c t i o n ~ . ( ~ ~ , ~ ~ )  
However, H2S might be advantageously recycled only i n  a process  where a 
high degree of s u l f u r  removal is not  required.  This  i s  due to the de- 
creased s u l f u r  removal from the product desp i te  the improved conversion of 
coal .  For example, increasing the p a r t i a l  pressure of HzS, from 6 p s i  to 
40 p s i  i n  1600 p s i  hydrogen, caused a decrease i n  the THF inaolubles  from 
10.4 to 5.6%. but  a t  the same time the s u l f u r  i n  the product l i q u i d  rose 
from 0.45 to  0.61%.(30) This can impose a severe economic penalty. 

One of the reaaons f o r  the use of CO + H2, CO + H20, CO + H 2  + HzS, 
and HzS i n  coa l  hydrogenation is t h a t  these gases  a r e  produced during the 
coal  l iquefac t ion ,  and i n  a real process they could be recycled. I t  is 
noted, however, t h a t  among the gaseous reac t ion  products, the y i e l d  of 
l i g h t  hydrocarbon gases  ( C 1  to  Cb), i n  general ,  is grea ter  than the  com- 
bined y i e l d  of gases containing hetero-atoms. Roughly, about half of the 
C1-C4 l i g h t  hydrocarbons is made up of methane alone and the  low rank 
coa ls  produce f a r  r e a t e r  amounts of methane and C2-C4 gases  than the 
higher  rank coa ls . (&)  

This  leads  to  an i n t e r e s t i n g  p o s s i b i l i t y  of using methane as  a sub- 
a t i t u t e  f o r  hydrogen i n  the d i r e c t  l i q u e f a c t i o n  of coal. Though methane 
gas is homogeneously s t a b l e  a t  l i q u e f a c t i o n  temperatures (methane i s  
thermodynamically s t a b l e  t o  temperatures of 75OOC). thermally produced 
f r e e  r a d i c a l s  from coal  and, the f r e e  r a d i c a l s  from the so lvent  can ab- 
s t r a c t  hydrogen atom from methane, thereby s e t t i n g  the atage f o r  an a r r a y  
of f r e e  r a d i c a l  reac t ions .  I t  should be noted t h a t  methane and hydrogen 
both have the same bond d issoc ia t ion  energy (CH4 __c CH3. + H. and - 
HZ H. + H.) equal  t o  104 K ~ a l / m o l e . ( ~ ~ )  I t  is poss ib le  t h a t  during the 
courae of the f r e e  r a d i c a l  reac t ions ,  the methyl r a d i c a l s  generated from 
the d i s s o c i a t i o n  of methane could react with r a d i c a l s  from coal  thereby 
causing a l k y l a t i o n  of coal. Alkylated coal  has been found to produce 
g r e a t e r  i e l d  of benzene and pyridine so luble  products than the  unt rea ted  
coal .  ( 3 3 r  
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There is, y e t .  another  possible  f a c t o r  t o  be considered i n  the i n t e r -  
8 C t i O M  of methane w i t h  C o d  i n  a so lvent  vehic le .  The f ree  r a d i c a l s  pro- 
duced from the methane w i l l  e i t h e r  r e a c t  with the so lvent ,  the coal ,  or 
even the methane i t s e l f .  This would tend to increase  the t o t a l  l iqu id  and 
gaseous y ie ld  i n  the system. Thus, it may be expected tha t  not  only w i l l  
the coa l  be converted t o  l i q u i d  hydrocarbon products ,  bu t  the makeup feed 
mater ia l  a l s o  would be converted to  valuable  higher  hydrocarbon products. 
The economic a t t r a c t i v e n e s s  of the e n t i r e  process should, therefore ,  
improve. 

No experimental d a t a  on the use of methane, in  d i r e c t  l i q u e f a c t i o n  of 
coal e x i s t  i n  the l i t e r a t u r e .  In  an e f f o r t  t o  def ine the possible  r o l e  of 
methane i n  the conversion of coal  t o  l i q u i d  products, experiments were 
conducted with a n  I l l i n o i s  No. 6 coa l ,  designated as PSOC-1098 i n  Penn 
State/DOE Coal d a t a  base. An a n a l y s i s  of the Coal employed i n  t h i s  inves- 
t i g a t i o n  i s  g iven  i n  Table  1. 

Detai led d e s c r i p t i o n  of the cons t ruc t ion  and operat ion of the tubing 
bamb r e a c t o r  is avai lable . (34)  The l i q u e f a c t i o n  condi t ions were as 
follows: 2.5gm Coal + 7ml t e t r a l i n e  as donor vehic le ,  400-425OC, gas 
pressure ( a t  temprature)  1400 p s i ,  30 minutes reac t ion  time and a g i t a t i o n  
a t  400 min-l. A t  the end of the reac t ion ,  the contents  were cooled by 
quenching the r e a c t o r  i n  cold water and the gases  were vented to  the atmo- 
sphere. The remaining products were r insed  out of the r e a c t o r  i n t o  a 
soxhle t  t r imble wi th  e t h y l  a c e t a t e  (EtoAc). This  was then followed by ex- 
haust ive e x t r a c t i o n  of the products with EtoAc i n  a soxhlet  apparatus f o r  
24 hours. Af te r  removal of EtoAc i n  a vacuum oven, the residue was weigh- 
ed t o  determine t h e  t o t e l  conversion. From a knowledge of the coal miner- 
a l  mat ter  c o n t e n t  of Coal, l i q u e f a c t i o n  conversion on a dry,  mineral 
matter f ree  b a s i s  c8n be c a l c u h t e d .  

Table  1 

Analysis  of PSOC-1098, I l l i n o i s  No. 6 hvAb Coal 

Proximate Analysis: Ultimate Analysis: 

daf dmmf (Par r )  
% V o l a t i l e  matter: 35.15 mm: 19.32% 
% Fixed carbon : 48.99 C 80.20 83.64 

N 1.45 1.51 
S 4.73 
c1 0.06 0.06 
0 ( d i f f )  7.84 8.03 

% D r y  a s h  : 15.86 H 5.73 5.97 

The l i q u e f a c t i o n  experiments i n  methane atmosphere were conducted 
with b o t t l e d  methane gas a t  400, 425, and 45OoC. The Coal l iquefac t ion  
conversions to e t h y l  a c e t a t e  so lubles  ( o i l s  + a S p h d t a ' ~ e S )  p lus  gases were 
71.3, 73.4 and 75.4% (dmmf) a t  400. 425 and 450OC, respec t ive ly .  These 
data  a r e  p lo t ted  as a func t ion  of temperature i n  Figure 1. I n  comparison, 
the l i q u e f a c t i o n  of the  same C o d  a t  425OC yielded 74.8% (dmmf) of gases  
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and l i q u i d s  i n  the presence of hydrogen which is only s l i g h t l y  higher  than 
i n  methane (73.4X) and 68.2% (dmmf) i n  ni t rogen,  which is considerably 
lower than i n  methane. Thus, the ind ica t ion  is t h a t  methane could be a 
p o t e n t i a l l y  usefu l  hydrogenation agent  i n  d i r e c t  coal l iquefac t ion .  A 
s impl i f ied  process block-diagram of the var ious processing s t e p s  a r e  shown 
i n  Figure 2. 

A comparative assessment of the performance of the Coal-methane sys- 
tem with the coal-hydrogen system under nominal l i q u e f a c t i o n  condi t ions ,  
i n  var ious so lvents ,  w i l l  be an important cont r ibu t ion  to  the emerging 
coa l  l i q u e f a c t i o n  science and technology. This  study could lead t o  the 
development of a l t e r n a t e ,  new and economically a t t r a c t i v e  coal l iquefac-  
t i o n  processes. 

ACKNOWLEDGEMENT 

We would l i k e  t o  thank Prof. P e t e r  H. Given of Pennsylvania S t a t e  
Univers i ty  f o r  h i s  kind permission to use Penn S t a t e  experimental f a c i l i -  
t i e s  and Prof. William Spackman f o r  the coal  samples. This work was done 
under U.S. Department of Energy Contract  No. AC02-76CH00016. 

1. 

2 .  

3. 

4. 

5 .  

6 .  

7. 

8 .  

REFERENCES 

Fischer ,  C. H . ,  Eisner ,  A. Primary l i q u e f a c t i o n  of coa l  by hydro- 
genation, Ind. Eog. Chem. =, 939 (1937). 

Curran. G. P., Struck, R. T . ,  and Gorin, E. Mechanism of the hydro- 
gen t ransfer  process to  coal and coa l  e x t r a c t ,  Ind. Eng. Chem. Proc. 
D i s .  Dev. 5, 166 (1967). 

Neavel, R. C. Liquefact ion of coal  i n  hydrogen-donor and non-donor 
vehic les ,  Fuel 55, 237 (1976). 

Neavel, R. C. Exxon donor so lvent  l i q e u f a c t i o n  process ,  Phi l .  Trans.  
R. SOC. Lond. E, 141 (1981). 

Wise, W. S. "Solvent Treatment of Coal", Mills and Boon, London, UK 
(1971) v i a  Pul len ,  J. R. "Solvent Ext rac t ion  of Coal", Rep. No. 
ICTIS/TR16, IEA Coal Research, London, p. 16 (Nov. 1981). 

Pot t ,  A. and Broche, H. The s o l u t i o n  of coal  by ex t rac t ion  under 
pressure - the hydrogemtion of the e x t r a c t ,  Fuel 13, 91 (1934). 

Furlong, L. E., Effron,  E . ,  Vernon, L. W . ,  and Wilson. E. L. Coal 
l iquefac t ion  by the Exxon donor so lvent  process. Paper presented a t  
A I C h E  Nat ional  Meeting, Loa Angeles, CA (Nov. 1975). 

EDS Coal Liquefact ion Progress  Development Phases 111 B / I V .  Ann. 
Tech. Rep. to U.S. DOE under c o n t r a c t  No. EF-77-A-01-2893 (1978). 

81 



REFERENCES (coa t . )  

9. Whitehurst, D. D.,  Mitchel l ,  T. O. ,  Farcasiu,  M., and Dickert ,  Jr., 
J. J. The aa ture  and o r i g i n  of asphal tcues  i n  processed coa ls ,  
F ina l  Report t o  EPRI under c o n t r a c t  No. RD-410-1 (1979). 

10. Vernon, L. W. Free rad ica l  chemistry of coal l iquefact ion:  Role 'o f  
molecular hydrogen, Fuel 59, 102 (1980). 

11. C a t a l y t i c ,  Inc .  Operat ion of SRC p i l o t  p l a n t  a t  Wilsonvi l le ,  AL. 
Ann. Rep. t o  U.S. DOE under c o n t r a c t  Nos. FE-2270-15 (1977) and 
FE-2270-31 (1978). 

1 2 .  Whitehurst, D. D . ,  Mitchel l ,  T. 0, Farcas iu ,  M. Coal rank and 
l i q u e f a c t i o n ,  Chapter 5 i n  "Coal Liquefact ion",  Academic P r e s s ,  New 
York ( 1 9 8 0 ) .  

13. Jones, G.  L. Second order  modela f o r  SRC y i e l d s  from Rentuckjj and 
Powhattan c o a l s ,  CQM Report No. 627 RK015, Gulf Res. and Dev. Co. ,  
P i t t sburgh ,  PA (1979) v i a  Shah, Y.  T., Parulekar ,  S. J . ,  and Carr ,  
N. L., Design of coa l - l iquefac t ion  reac tor8 ,  Chapter 5 i n  "Reaction 
Engineering i n  D i r e c t  Coal Liquefaction", Ed. Shah, Y. T., 
Addison-Wesley, Reading. MA, pp. 213-84 (1981). 

14. Heredy, L. A. ,  Skowronski, R. P.. Ratto.  J. J., and Coldberg, I. B. 
An i s o t o p i c  i n v e s t i g a t i o n  of the chemistry of coa l  
hydrol iquefact ion.  Prept . ,  ACS Div. Fuel Chem. 26, 114 (1981). 

15. Skouronski, R. P., Heredy, L. A., and Rat to ,  J. J. Deuterium t r a c e r  
method for i n v e s t i g a t i n g  the chemistry of coal l iquefac t ion ,  Report 
No. 2 i n  "Mechanisms of Coal Liquefaction". Prof. of U.S.  Dept. of 
Energy P r o j e c t  Review Meeting, Washington, DC (June 1978). 

16.  Morita, M., Sato,  S., and Hashimato, T. E f f e c t  of hydrogen pressure 
Prepr . ,  ACS Div. Fuel Chem. 2, on r a t e  of d i r e c t  coa l  l iquefac t ion .  

270 (1979). 

17. Wilson, M .  A.,  Pugmire. R. J., Vassal lo ,  A. M . ,  Grant ,  D. M., Col l in ,  
P. J . ,  and Z i l m ,  K. W. Changes i n  a romat ic i ty  during coal  
l i q u e f a c t i o n ,  Ind. Eng. Chem. Prod. Res. Dev. 21, 47 (1982). 

18. Wright, C. H. and Severson, D. E. Experimental evidence f o r  the 
Prepr., ACS Div. Fuel Chem. 2, 

19. Granoff, B., Thomas, M. G.,  Baca. P. M . ,  and Noles, G. T. Effec ts  of 
mineral mat te r  on the hydrol iquefact ion of coal. Prepr., ACS Div. 
Fuel Chem. 2, 23 (1978). 

No. 75-20, Bureau of Nines, Morgantoun, WV (1975). 

c a t a l y t i c  a c t i v i t y  of coal  minerals. 
68 (1972). 

20. Kat te l ,  S. Synthoi l  process: Liquid fue l  from coal p lan t ,  Report 

02 



REFERENCES (Coot.) 

21.  Appell, H. R. and Wender, I. Prepr . ,  ACS Div. Fuel Chem. 2, 220 
(1968). 

22. Appell, H. R., Wender, I. and Miller, R. D. Prepr . ,  ACS Dlv. Fuel 
Chem. 12, 39 (1969). 

23. Bal t i sberger ,  R. J. ,  Sternberg,  V. I., Wang, J., and Woolsey, N. F. 
Prepr . ,  ACS Div. Fuel Chem. 2, 74 (1979). 

24. Batchelder, R. F. and Fu, Y. C. Ind. Eng. Chem. Proc. D i s .  Dev. ll3, 
594 (1979). 

25. Sondreal, E.  A . ,  Wilson, C. W . ,  and Sternberg,  V. I. Mechanisms 
leading to process improvements i n  l i g n i t e  l i q u e f a c t i o n  using CO and 
HzS, Fuel 61, 925 (1982). 

26. Youtcheff, J. S. and Given, P. H.  Dependance of coal  l i q u e f a c t i o n  
behavior on coal  c h a r a c t e r i s t i c s ,  P a r t  8 ,  "Aspects of the 
Phenomenology of the Liquefact ion of Some Coals", Fuel 6 l ,  980 
(198 2). 

27. Farnum, B. W., Farnum, S. A.,  and Bitzan. E. F. Analysis of l i g n i t e  
l i q u e f a c t i o n  products processed with syngas and hydrogen s u l f i d e ,  
Prepr .  ACS Div. Fuel Chem. E ,  163 (1983). 

28. Thomas, M. C . ,  Padrick,  T. D. ,  S tohl ,  F. V.. and Stephens, H. P. 
Decomposition of p y r i t e  under coal  l i q u e f a c t i o n  c indi t ions :  A 
k i n e t i c  study, Fuel 61, 761 (1982). 

29. Lambert, J. M. Alterna t ive  i n t e r p r e t a t i o n  of coal l i q u e f a c t i o n  by 
p y r i t e ,  F u e l s ,  777 (1982). 

30. S e i t z e r ,  W. H. Miscellaneous autoclave l i q u e f a c t i o n  s t u d i e s ,  F ina l  
Report t o  EPRI under cont rac t  No. RP 779-7 i n  "Bench Scale  Coal 
Liquefact ion Studies" ,  EPRI Rpt. No. AF-612. 

31. Whitehutst, D. D. Farcasiu,  M., and Mi tche l l ,  T. 0. The na ture  and 
o r i g i n  of asphal tenes  i n  processed coa ls ,  F i r s t  Ann. Rpt. t o  EPRI 
under P r o j e c t  No. RP-410, EPRI Rpt. No. AF-252 (1976). 

32. Benson, S. W. Bond Energies, J. Chem. Ed. 41. 502 (1965). 

33. Sternberg,  H. W. A second look a t  the reduct ive  a l k y l a t i o n  of coal 
and the nature of asphal tenes .  Prepr . ,  ACS Div. Fuel Chem. 2, 1 
(1976). 

34. Szladow. A. J . ,  and Given, P. H. Some aspec ts  of the mechanisms and 
k i n e t i c s  of coa l  l iquefac t ion .  Report t o  DOE under Contract  No. 
Ex-76-01-2494. DOE Report No. FE-2494-TU-3. 

a3 



RECYCLE GAS 

NsI 
RECYCLE 1 GAS 

CHAR LIQUI'D HC 
ASH PRODUCT 

FIGURE 2 .  

LIQUEFACTION OF ILLINOIS#6 COAL 
EFFECT OF GAS ATMOSPHERE 

I - TEM;ERATUR E: 4Od-45O0C 
PRESSURE:IOOOpsi (COLD) 

-PI -a 
z(D 

z+ oa 

J 425 4 5( 

TEMPERATURE, OC 
65 400 

FIGURE 1. 


